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Abstract
In astrophysics a proper knowledge of chemical abundances is of great
importance in unfolding the mysteries of the history of the universe. However, the
determination of chemical abundances is limited by the existence and accuracy of atomic
data such as hyperfine structure (hfs), isotope shift (IS) and oscillator strength. As one of
the a elements Ti has a great contribution in stellar spectra. Its importance in the studies
of thin and thick discs, the galactic bulge, the galactic halo and ISM makes it a great
candidate for the measurements of atomic properties.
The above mentioned reasons motivated us to carry out measurements of hfs and
IS of the levels and transitions of Ti that have not been previously studied. In our lab
using the fast-ion-beam laser-fluorescence spectroscopy technique we measured the hfs
of 22 levels and the IS of 38 transitions of Ti II in the wavelength range of 429-457 nm.
We also discovered an improved operational condition in the ion source which
resulted in a very narrow energy spread and the typical linewidth of ~ 100 MHz.
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1 Introduction
Almost all the information we get from a star comes from its outer, thin layer
called its ‘‘photosphere”. Astrophysicists take this information in the form of a stellar
spectrum. In an attempt to solve the problems of the evolution of stars, galaxies and the
universe itself, astrophysicists study and analyse stellar spectra by means of
spectroscopy. Stellar spectra contain information about chemical abundances and the age
of stars. Knowing the chemical abundance and the initial mass of a star enables
astrophysicists to learn a lot about the history of its evolution.
In order to derive the chemical composition of a star, a good knowledge of the
physical processes and physical conditions in the stellar photosphere is required. It is
known that these in turn depend on the chemical composition, which makes the problem
of deriving information from spectra that much more challenging. This is where a proper
knowledge of basic atomic data claims its importance. The accuracy and precision of the
atomic data are of crucial importance as their errors can lead to large misinterpretation
and miscalculation of one or all of these three factors.
The basic atomic data which have proven to be essential in the analysis of stellar
spectra are oscillator strengths (transition probabilities), absolute wave numbers,
hyperfine structure constants and isotope shifts. For example the depth and width of an
absorption line in a stellar spectrum depend on both the chemical abundance and the
atomic properties such as oscillator strength, hfs and IS; therefore one needs the atomic
data to extract the abundance. Also absolute wave numbers are important because there
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are blends of lines from different transitions and different atoms, which can be a source
of error in spectral analysis if the laboratory wave numbers are incorrect.

1.1 Atomic Structure

Atomic nuclei have radii of order of 1O'4A which are very small compared to the
distance of an electron from the nucleus (~ 1 A) and they are also about 104times heavier
than electrons. Therefore to a good approximation they can be considered as positive point
charges of infinite mass. With that approximation the non-relativistic energy levels, En,of a
one-electron atom split into n different levels in the Dirac theory. For each principal
energy level, there are n orbital angular momentum quantum numbers, l = 0,

n-\.

Corresponding to each value of / there is a code letter which is an indication of the socalled orbital of the electrons. The code letters are s, p, d, f, g, h,... for / = 0, 1, 2, 3, 4, 5,
...respectively. In a multi-electron atom the electrons having the same value of n are said to
be in the same shell, and the electrons having the same value of n and l belong to the same
subshell. For each energy level n there are n subshells with the above-mentioned possible
values of /, and each subshell with angular momentum quantum number l has 21+1 Zeeman
sublevels. These are specified by magnetic quantum number m i-

/. According to the

Pauli Exclusion Principle, each orbital can only contain 2 electrons, one in each spin state;
therefore the capacity of each subshell is 2(21+1) electrons.
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The electron configuration notation is the arrangement of electrons in atomic shells
and subshells. For example for the ground state of Ti, with Z-22, the electron
configuration is Is2 2s2 2p6 3s2 3p6 4s2 3d2.

1.2

Fine structure in L-S Coupling

The electrostatic interaction between electrons and the spin-orbit interaction makes
it necessary to find approximate energy eigenstates by coupling the orbital and spin
angular momenta. In many-electron atoms the nucleus is surrounded by an approximately
inert core of completely filled subshells containing tightly bound electrons along with one
or more electrons in loosely bound outer subshell(s). These electrons, which are called
valence electrons, are the ones participating in transitions. In light atoms ( Z < 30), electron
spins, S, , interact among themselves so they combine to form a total spin angular
momentum S = £i Sj. The same happens with orbital angular momenta L„ forming a total
orbital angular momentum L =f j L , . The interaction between quantum numbers L and S is
called Russell-Saunders coupling or LS coupling. L and S couple together to form the total
angular momentum J of the composite system. The number of fine-structure ‘terms’ is the
number of possible values of the total angular momentum quantum number of the electron,
Jr= jZ-l-5'|,|Z + 1S,|-l,...,|Z-iS'| . In the Russell-Saunders, or L-S, coupling scheme, we
represent the various energy states associated with allowed interactions of spin and orbital
angular momentum by the term symbol
(2S+1)

L
j
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Here 2S+1 is called the spin multiplicity because it gives the number of possible values of
J (in the case where S<L).
For example, in singly ionised Ti II, which has 3 valence electrons outside an argon
shell, the term 3d2i^E>)\s a 2D5l2 would have the following interpretation:
3d2means there are 2 electrons in the level 3d. (’D) would specify how these 2 electrons
are coupled. In this example we have Ljotan L12 +L3 and STotal~ S12+ S3, where Li2=Li+L2
and Si2= Si +S2, where all the quantities are vectors.

We have Li2=2. Since 2Si2+l=l,

we have Si2=0. The 4s implies that there is one electron in this state and therefore 1.3= 0
and S3= 1/2
The last term carries 4 different pieces of information: a is the name given to this RussellSaunders Term, D means Ljotai for all three coupled electrons is 2, the superscript 2 is
equal to ISjoiai +1; therefore, ¿>Totai= l/2. Finally the subscript 5/2 is the total angular
momentum ST0tai+ L-rotai which we call J

1.3 Hyperfine Structure

Very high- precision atomic physics experiments in 1890s showed that there were
very small effects on the electronic energy levels that could not be explained if the nucleus
was considered as a point charge of infinite mass. Since these effects were very small
compared to the fine structure effect they were called hyperfine effects.
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The finite nuclear effects can be categorized into two different types: The first
effect results in further splitting of the electronic energy levels and is called hyperfine
structure, and the second effect is a slight shift in the energy levels called the isotope shift.
The reason for naming the latter isotope shift is that it can be measured by its differences
between 2 or more isotopes.
The correction to the splitting of energy levels which would range from 10'3 to 1
cm'1 can be calculated by considering the nucleus to have electromagnetic multiple
moments of higher order than electromagnetic monopole. It can be shown [1] that the most
important of these moments are the magnetic dipole moment which is related to the spin of
the nucleus, and the electric quadrupole moment which is caused by the departure from a
spherical charge distribution in the nucleus.
In 1924, W Pauli considered the nucleus to have a total angular momentum I,
which, depending on its orientation, can have magnetic interactions with moving electrons.
In this view the nucleus is a compound structure of protons and neutrons each with
intrinsic spin 1/2, and therefore the total angular momentum of the nucleus, I, is the vector
sum of the angular momenta of the nucleons.
The nucleus therefore can be considered as a point dipole with magnetic dipole
moment Mn proportional to I. The magnetic field due to this magnetic dipole can interact
with the magnetic dipole moment of the electrons, which in turn is proportional to both the
spin S and the angular momentum L of the atomic electron. It can be shown [1] that both
these effects can be considered as a perturbation added to the Hamiltonian of the atomic
electron with fine structure.
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In the fine structure picture the atomic electrons have a total angular momentum J
= L + S; by considering the angular momentum of the nucleus I, the total angular
momentum of the atom (nucleus + electron) can be introduced as
F=I+J .

(1.3-1)

According the rules of addition of angular momenta, the possible values of the quantum
number F are given by
F = \ I - J \ , \ I - J \ + 1,..., I + J - l , 1 + J.

(1.3-2)

It can be shown that the contribution of the magnetic dipole moment of the nucleus
to the atomic energy level can be written as:

^ md ~ ~ 2 ^ ,

(1.3-3)

where A is the magnetic dipole hfs coupling constant, and
K = F(F + \ ) - I ( I + \ ) - J ( J + l).

(1.3-4)

The electric quadrupole moment of the nucleus is Q, whose value can give a
measure of the deviation from a spherical charge distribution of the nucleus. If the nuclear
charge distribution is extended along the direction of I then Q > 0 and if the charge
distribution is flattened then Q < 0. The corresponding term in the multiple expansion
describes the interaction of the electric quadrupole moment with the gradient of the electric
field due to the atomic electrons.
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It can be shown [1] that the effect of the electric quadrupole moment of nucleus
on the atomic energy level can be written as
' B > 3K(K +1) - 21(1 +1 )7(7 +1)
k2 J
2 /(2 7 -1 )2 7 (2 7 -1 )

(1.3-5)

where B is the electric quadrupole hfs coupling constant.
Therefore the effect of both factors in the atomic energy level can be written as
B 3K(K +1) - 21(1 +1)7(7 +1)
2
2/(27-1)27(27-1)

(1.3-6)

For many-electron atoms such as Ti these hyperfme constants can only be
accurately measured experimentally.
The above formula means that for a nucleus with spin quantum number /, the fine
structure energy level corresponding to fixed values of L and J splits further into hyperfme
components labelled by F with the possible values mentioned above. The number of
hyperfme splitting for a fine structure energy level is the smaller of the two numbers
(27 +1) and (21 +1).
The allowed transitions from one state to another are obliged to follow the electric
dipole selection rules [1]:
A7 = 0, ± 1 (7 =0 <-»7' =0 forbidden)
A.F = 0, ± 1 (F =0 <-»F' =0 forbidden)
The transitions satisfying A7 = AF are the strongest.
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1.4 Isotope Shift

Isotope shifts are the shifts to the energy level of electrons in a given atomic state
but with different nuclei (isotopes) and they do not cause splitting of the energy levels. The
main two reasons for these shifts in energies are the mass effect which is due to the fact
that the nuclear mass is finite, and the volume effect which rises from the fact that the
nucleus has a distribution of positive charge in a finite volume. Both of these are
corrections to the approximation in which the nucleus is considered as a point charge with
infinite mass.
In one-electron atoms, the mass effect is taken into account by using the reduced
mass ¡j. = mM/(m + M) and introducing a new atomic unit of length ap = a0m//u and a
new atomic unit of energy. The reduced mass effect modifies all the energy levels in the
same manner reducing all the frequencies of the spectral lines by the factor — - \ - m ! M .
m
For many-electron atoms, the mass effect introduces ‘mass polarisation’ terms
( ft2 / M ) V n

in the Schrodinger equation [1]. In contrast to the one-electron case,

these cannot be calculated by a simple reduced-mass correction and are in fact very hard to
calculate.
The role the volume effect plays in isotope shift is by changing the electrostatic
potential. By considering the nucleus having a distribution of charge inside a finite volume
the potential inside the nucleus no longer obeys the Mr law. An estimation of this effect
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can be done by considering the nucleus as a sphere of radius R with a uniform distribution
of charge. It can be shown that in such model the electrostatic potential can be written as:

V(r) =

Ze2
(4tt£0)2R

r <R

Ze2
(47T£0 ) r

r >R

(1.4-1)

This potential is introduced to the Hamiltonian of the system as a perturbation.
The quantity that is measured experimentally in the isotope shift is the difference of energy
shifts between two isotopes with radii R and R + SR respectively
The isotope shift we measured experimentally in different isotopes of Ti would be
the result of both these factors. Calculating the isotope shift theoretically would require
massive computer calculations, such as in the work done by Bauche and Crubellier [2]
which applies the Hartree-Fock method to calculate the isotope shift in the four main
configurations of the 3d series of Sc to Cu.
Having the hyperfme structure and isotope shift data helps in correctly accounting
for saturation. This in turn leads to a more accurate determination of chemical
abundances. As a result of saturation, the total absorption due to atoms in all hfs and
isotopes is not simply the sum of the absorption for each separate transition. The
saturation is in fact much greater if the splittings are very small, because in this case, all
the transitions would be at the same wavelength and can all contribute to the total
absorption at that wavelength. Hfs and IS also contribute in broadening the lines. The
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lines would appear wider as a result of blends which are usually between the spectral
lines of different atoms. Not considering these broadenings would also result in over
estimation of abundances.

1.5 Titanium

Titanium is the chemical element with atomic number Z= 22. It belongs to period
4 and group 4 on the periodic table of the elements. It has five stable isotopes: 46Ti, 47Ti,
48Ti, 49Ti, and 5°Ti, with 48Ti being the most abundant (73.8% natural abundance). The
ionization energies are 6.8 eV for Ti I, 13.6 eV for Ti II, and 27.5 eV for Ti III.
A study of atomic properties of Ti is of great importance for astrophysicists as it
makes an appreciable contribution to stellar spectra. For example in terms of the number
of lines, it is in third place in the solar spectrum [3]. Although it is considered as a
member of the iron group (20 < Z < 30), Ti can also be identified with the a elements (O,
Mg, Si, S, Ca, and Ti) with Z < 22. These elements are called alpha elements because
their most abundant isotopes have atomic masses that are integer multiples of that of the
4He nucleus (the alpha particle). In metal-weak stars the a elements show over abundance
compared to Fe. For example Ti shows overabundance relative to Fe by a factor of almost
2 in these stars [3]. As the stars get closer to the latest stage of their lives, they produce
more of the heavier elements which get finally erupted into the interstellar medium (ISM)
in supernova explosions. Therefore studies of Ti and other a elements can shed light on
the history of chemical evolution in the universe in its early stages. Because of their
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existence in the ISM [4], the thin and thick disks [5] [6], galactic halo [7] [8], and galactic
bulge [9] [10], a proper knowledge of a elements is essential for astrophysicists in
studying these objects.
Various groups have done laboratory studies on Ti. Early works include Henry
Norris Russell’s detailed analysis of the Ti II spectrum in 1927 [11], and Meggers,
Corliss, and Scribner’s 1975 monograph [12]. Oscillator strengths of transitions in Ti II
in the visible and ultraviolet region have been measured by Pickering et al [13]. More
recent works include Huldt et al [14], Zapadlik et al [15], Aldenius [16], Berengut et al
[17], and Gianfrani et al \ 18], Gianfrani et al have achieved the highest resolution
In 1992, Berrah et al [19] used fast-ion-beam laser spectroscopy to resolve the hfs
of 49Ti. They measured the magnetic dipole (A) and electric quadrupole (B) hyperfme
structure constants of seven lower levels of 49Ti by applying the laser-rf double resonance
technique developed by Rosner et al [20]. For these experiments, they used an
isotopically enriched sample and reached KHz precision. They also measured A constants
with MHz precision for 5 upper levels in 49Ti using collinear laser-induced-fluorescence
(LIF) optical spectroscopy. They compared their experimental results with their own
Hartree-Fock and Sandars-Beck effective operator calculations. As far as we know, they
are the only group who worked on resolving hfs and achieved the highest resolution.
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2 Apparatus

2.1 The Ion Source

In these experiments, we used a Penning sputter ion source. The sputter ion source
is preferred to the sources based on thermal vaporisation for this work because of the high
temperature needed to produce Ti; in sputter sources, the ions are produced by collision.
The Penning cell consists of two cathodes separated by an anode. In this ion source, the
anode is a thin aluminum disk (see fig. 2-1). The thickness of the anode is 1 mm and the
diameter of its aperture is 8.1 mm. For cathode and anticathode, we used Ti disks with
diameter of 10.9 mm. The only difference between the two is that the cathode has a hole in
the centre for ion extraction. For this work, we used Ne as the discharge gas instead of Ar.
Ne has two advantages over Argon when using Ti as cathode and anticathode. (1) The
current that can be obtained with Ne is higher, (2) the difference between the masses of Ne
and TI are large enough for efficient mass separation in the Wien velocity filter.
Neutral Ne gas enters through a small aperture in the source. Due to the potential
difference between the anode and two cathodes, the gas breaks down into a weakly ionized
quasi-neutral plasma containing fast electrons and positive Ne ions. The free electrons are
the result of a steep potential gradient (the cathode fall) which happens close to the
cathodes. The axial magnetic field, typically ~ 0.02-0.15 T, is applied to keep the discharge
electrons cycling between the cathodes without allowing them to reach the anode. The nonthermal fast electrons ionize the Ne, the Ne ions are then accelerated in the opposite
direction of the cathode fall and sputter more cathode atoms. The electrons ionize the
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sputtered cathode atoms which then pass though the hole in the cathode towards the
extractor cusp which is at a relative potential of -10 kV and out of the source.

Ground

Fig. 2-1 Schematic of the ion source (not to scale)
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2.2 The Ion Accelerator

The ion beam then passes through the first einzel lens, which by applying an
electrical field focuses the beam. Thereafter the beam passes through the mass filter, which
in this experiment is a Wien filter. The Wien filter separates the ions with different masses
by applying perpendicular electric and magnetic fields. It applies a net force in the
direction of the electric field,
F net = qE- qvB
The fields can be adjusted so that there would be no net force exerted on particles with
certain velocity. Since the ions of the Ne gas and Ti have both been accelerated with lOkV
potential difference, they have the same kinetic energy and thus different velocities. In the
Wien filter, therefore, the Ne ions are separated from the beam. This would prevent them
from limiting the useful current of Ti with their space charge. The beam then passes
through the second einzel lens in which it gets focused. After being deflected 5 degrees
horizontally with an electrostatic deflector, it gets focused by the third einzel lens after
which it interacts with the anti-parallel, collinear laser beam. Then, it gets deflected into a
Faraday cup. In the interaction region, the ions are accelerated by -478 V to bring them
into optical resonance with the laser.
It is well known that interplay of the gas pressure, magnetic field strength, and
applied anode- cathode potential can result in different modes of operation of the Penning
discharge [1]. Our ion source in design is based on version III of the source developed by
Baumann and Bethge at the University of Frankfurt [2]. In the original design, the anode
was a hollow cylinder, but in this version the anode is reduced to a thin disk. This reduces
the loss of the sputtered material which would deposit on the long cylinder. In this design
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the space between cathode and anticathode where the sputtered material flows has been
decreased to 8.3 mm.
There are four parameters that interact in the source: anode-cathode voltage,
discharge current, internal gas pressure, and applied magnetic field. Any three of the four
parameters can be adjusted externally. This source can operate in both low-current, high
voltage-mode and high-current, low-voltage mode. In order to reduce the start up transient
and to stabilize the discharge, we used a cross-over power supply with a 1 kif ballast
resistor between the power supply and the anode. The power supply can work in either
constant-current or constant-voltage mode, and it can provide up to lkV at 200mA. The
Doppler shift is determined by the ion energy, and the ions are created in a plasma whose
potential is close to that of anode. Therefore a constant voltage mode might seem to
produce more stability in the Doppler shift; however, in this mode the ion current is
subjected to minor fluctuations, which would affect the voltage drop across the ballast
resistor and therefore the actual anode-cathode voltage in the source. The pressure inside
the source cannot be monitored directly; therefore, we used an ionization gauge to measure
the pressure in the high vacuum outside the source, and a Convectron gauge in the gas
supply line to the source.
We determined that having an ideal combination of high metastable content and
low energy spread was possible by increasing the gas pressure inside the source, and
therefore running it in the low-voltage high-current mode, and decreasing the pressure
outside the source, which would eliminate the collisions with the neutral gas and highvoltage breakdowns. We installed a thin tantalum disk with thickness of 0.38 mm with a
very small hole with diameter of 0.38 mm in the centre between the cathode and the
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vacuum. This would reduce the generated beam current, but since in the collinear beamlaser experiments, the laser beam size itself limits the portion of the beam that can be
excited, it would not result in any problems. Therefore the brightness of the ion beam is
more important than the total current. Considering the 0.38 mm hole size and the nominal
pumping speed of 2 baffled diffusion pumps, the internal Ne pressure of the source is
estimated to be ~ 0.3 mbar, while the outside background pressure measured 75 cm
downstream from the source exit is ~ 8 x 1O'6 mbar. The upstream pressure measured on
the Convectron guage was typically maintained at 700 mTorr. Since the internal pressure is
almost an order of magnitude more than what was used in the Frankfurt source, we
conclude that we have discovered a new operation mode of the discharge that has not been
studied before.

2.3 The Laser System

There are 2 lasers that are used in this experiment, an INNOVA-400 argon ion and
a Coherent 699-21 ring dye laser. The mechanism that is used in the argon laser is exciting
the argon, which is the medium, electrically. This laser has two end mirrors, a high
reflector and an output coupler. The laser power is ~ 4 W. The Brewster windows at the
end of the plasma tubes might get contaminated over time, and as a result the power output
decreases with time. Another reason for that is the not perfect alignment of the output
coupler and high reflector.
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The organic dye that is used in the dye laser is Stilbene 3 dye, which is a yellow
powder that is dissolved in ethylene glycol in an ultrasonic bath. The ratio of the Stilbene 3
to ethylene glycol is 1 g to 1000 ml. The dye life time is 100 W-hours. The dye life time is
defined as the time that it takes for the output decay of the dye to reach 75% of its initial
value. When pumped by the argon laser it emits broadband light with the nominal single
frequency tuning curve in the range 415-465 nm. The single-frequency output power varies
between 70 to 200 mW depending on the age of the dye and the desired wavelength.
In order to achieve a higher output power and also tolerance of higher power
intensities, the dye laser resonator is designed as a ring instead of a linear cavity. The
difference is in the number of the mirrors inside. In the ring design, there are 4 mirrors
which result in a traveling wave circulating between the four, while in a linear cavity
design, there are 2 mirrors and therefore the waves are standing waves
Tuning to the desired frequency of the laser is done by using the Biréfringent tuning
filter (BRF) and the Intracavity assembly (ICA). The BRF is a type of optical filter that
uses birefringence of anisotropic crystals (usually quartz) to reduce the gain at wavelengths
other than a specific one. In the anisotropic crystals, the polarization of the incident light
changes depending on the wavelength. The only wavelength in which the polarization of
the light is not changed by the BRF is the one in which the laser oscillates. The BRF used
in the dye laser is composed of 3 quartz plates with a thickness ratio of 1:4:16. By stacking
the plates with this ratio together, we can create a narrower bandwidth with a larger free
spectral range (FSR). In that way, mode hops to the nearby BRF orders will be eliminated.
In the dye laser that we used, the bandwidth of the BRF is ~2 THz and the FSR is 666.163
MHz.
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The ICA, which is a finer frequency filter, consists of a thick etalon and a thin
etalon. Using optical interference, the ICA tunes in to a single longitudinal mode. The thin
etalon is a quartz plate with a thickness of ~ 0.5 mm. When set at a certain angle, only
certain wavelengths of the light going through it can have constructive interference;
therefore, it can be used to select the wavelength of the transmitted peak. The bandwidth of
the thin etalon is ~200 GHz and its FSR is ~ 225 GHz. The thick etalon is the finer
wavelength selector. It consists of two Littrow prisms that are separated by a small air gap.
They can be set to a certain angle (Brewster angle) to maximize the reflection from their
surface and therefore minimize the loss of the laser. The bandwidth of the thick etalon is
~5GHz and its FSR is ~ 10GHz. It is the combination of the transmission curves of the
thin and thick etalons, the BRF, and the cavity mode that uniquely selects a single
wavelength.
A small amount of laser power is sent to a scanning Fabry-Pérot interferometer
(spectrum analyzer) to monitor possible hops of cavity lines and also to tune to the desired
frequencies. When rotating a BRF, a hop on the signal on the oscilloscope corresponds to
225 GHz or 7 cm'1. In tilting the thin etalon, a hop corresponds to 10 GHz or 0.3 cm'1.
Along with the Michelson interferometer, the ICA facilitates the tuning to a desired
wavelength.
In order to measure the wavelength of the dye laser, a magnetically damped
traveling Michelson interferometer wavemeter was used with reference to a polarizationstabilized helium-neon laser. The interferometer has a carriage supporting 2 retro
reflectors; as the carriage moves, the light intensity at the detector varies; therefore, the
constructive and destructive interferences are counted as fringes. The ratio of laser
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wavelengths is produced by simultaneously counting the ratio of interference fringes for
the dye laser as well as the HeNe laser. The HeNe laser has precision of ~1 part in 109,
with frequency multiplication in the fringe counter. This allows us to determine the
frequency of the laser with the precision of ~ 1 part in 107which is satisfactory to find the
desired atomic transition.
Using a 2-m focal-length lens, the laser beam was focused to a 0.5 mm radius waist
in the region of laser excitation and fluorescence. In order to eliminate laser light scattered
from upstream optical elements before it enters the ion-beam vacuum chamber, the laser
was passed through multiple irises. After passing through the post acceleration region, the
laser beam was directed to a photodiode where the data acquisition board measured and
recorded the laser power.
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3 Experimental Method
Fast-ion-beam

laser-induced-fluorescence

spectroscopy

is a very reliable

spectroscopic technique which involves selective excitation of a single state in a single
species ion beam followed by direct observation of the subsequent laser-induced
fluorescence [1].
A schematic of our apparatus is shown in fig. 3-1. In this experiment, the fast Ti+
ions with meta-stable energies up to 25000 cm'1were produced by a Penning ion source.
Due to the proper mass ratio difference, Ne was used as the support gas. Since the element
chosen for the measurements of isotope shift and hyperfine structure was Ti, it was the
material used in the cathode and anti-cathode. Ne sputters Ti+ ions into the discharge. The
pressure inside the source was estimated at 17-35 /¿bar by using a calculated [2] flow
conductance of 0.403 1/s. The background pressure just after the ion source is normally ~
1.5 xlO' Torr, but when there was gas effusing from the ion source, it increased to ~5.6
xlO'6 Torr. Most of the background signal came from ion collisions with this residual gas.
After being accelerated to 10 keV, the Ti+ions are focused by an Einzel lens and then mass
filtered by a Wien velocity selector. Ti has five stable isotopes. Since we intended to have
the signal from all five isotopes on a single spectrum we deliberately reduced the magnetic
and electric fields in the Wien filter so that there would be high transmission for all
isotopes with good separation from the Ne+ beam. This method enabled us to measure the
hfs and IS simultaneously. Using an electrostatic deflector, the beam was deflected through
a 5° horizontal angle to overlap with a counter-propagating laser beam for collinear laser
spectroscopy. In order to avoid depopulating the metastable levels before the ions reach the
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LIF observation region, it is important to set the beam energy and the laser frequency so
that the Doppler-shifted laser frequency is not in resonance with the transition frequency of
the ion beam.

Post Acceleration Electrods

Fig. 3-1 Schematic of the experimental apparatus (not to scale)
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ion
beam
in —

Fig. 3-2 Post acceleration region

Using a set of electrodes surrounding the ion beam, a Doppler-tuning region was
created. Passing into this region, the ion beam was post accelerated through a typical
potential difference of -478 V. This brings the ions into resonance with the Doppler-shifted
laser beam over a ~ 3 cm length (see Fig 3-2). Further downstream, the ion beam went
through another electrostatic deflection to avoid damage to the laser beam entrance
window of the vacuum system and to permit monitoring the beam current. The typical Ti+
current was ~ 150 nA as detected by a secondary-electron-suppressed Faraday cup at a
distance of ~3 m from the ion source.

25

F ig . 3 -3

R e a l a p p a ra tu s o f th e e x p e r im e n ta l s y s t e m

The single frequency CW laser beam was produced by a Coherent 699-21 dye laser
pumped by an all-lines power output of an INNOVA 400 Argon ion laser. The choice of
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dye affects the frequency and the power of the laser. The dye that we used is Stilbene 3,
which has a nominal frequency tuning curve of 415-465 nm. The typical power at the exit
of the laser was 50-100 mW. The wavelength of the dye laser was determined to 1 part in
107 by a traveling-comer-cube-mirror Michelson interferometer with reference to a
polarization-stabilized helium-neon laser. A part of the laser beam was sent through a
666.163 MHz free spectral range plane-parallel Fabry-Perot etalon and detected by a Si
diode to calibrate and linearize the laser frequency scan.
A ring of 80 multi-mode quartz optical fibres was used to channel the LIF to a
bialkali photomultiplier. In order to block the scattered light, a Schott UG-11 UV-pass
filter was used. The photomultiplier that we used is an Electron Tubes Ltd model 9235QB
and has a gain of ~ 1.8x 106.
A spectrum containing the LIF transitions from all the five isotopes of Ti was
obtained by a data acquisition board. This board is programmed to increment the laser
frequency while collecting and recording the photomultiplier anode current, ion current,
laser power, and transmitted light through the Fabry-Perot etalon. The error signal from the
dye laser locking circuitry was also recorded by the data acquisition board to monitor and
control the laser scanning performance and possible mode hops. The typical 48Ti LIF signal
was ~ 1 //A on a background of ~ 20 nA. The lowest linewidth obtained was ~75 MHz.
Almost 65 MHz of the linewidth is due to Doppler broadening, which is highly narrowed
as a result of kinematic compression]!]. Natural broadening and saturation also contribute
to the linewidth. Depending on the size of the signal, a typical spectrum covering 20-28
GHz in 1024 steps had a dwell time of 100-300 ms per step. The number of steps in a
spectral line is ~15. In order to have more accurate parameters, we took three spectra for
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each transition. The absolute wave number of the 48Ti peak was also measured to
determine the ion-beam energy, which would allow for Doppler-shift corrections to the IS
data.
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4 Data analysis
A typical LIF spectrum is shown in fig. 4-1. The spectrum on top is the same one
magnified 10 times in order to give a clearer view of the spectrum and hfs. In this
particular spectrum the hfs is well resolved, and this allows for the derivation of reliable
hfs and IS. However this was not the case for all the transitions, as the spectrum shown in
fig. 4-2. Here the hfs does not have enough resolution; nonetheless the information it
provides is valuable in analysis of stellar spectra.

Laser frequency scan (GHz)
Fig. 4-1 LIF spectrum of the transition 3d 2('D}lsa2Ds/2 -+3d2(3F )ipz2D°/2 at 429.41 nm in Ti II. The
spectrum on top is the same one magnified 10 times in order to give a clearer view. The spectrum is
a scan o f 1024 channels at a dwell time o f 100 ms per channel. The 48Ti signal was 670 nA.
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Fig. 4-2

LIF spectrum o f the transition 3d3 a4P3/2 - 3cf(iF)4p z4D5/2° at 429.02 nm in Ti II. . The

spectrum on top is the same one magnified 10 times in order to give a clearer view. The spectrum
is a scan o f 1024 channels at a dwell time o f 150 ms per channel. The 48Ti signal was 650 nA.

It is very im portant to note that not all the frequency separation betw een the signals
o f different isotopes is the result o f isotope shift. In fact m ost o f the displacem ent is caused
by the relative D oppler shift w hich occurs as a result o f the ions o f different m asses being
accelerated through the sam e potential difference.
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4.1 Calibration and linearization
We used the data in Fabry-Pérot transmission curve to linearize and calibrate the
frequency scale. From measurements by the method of exact fractions, the FSR of the
étalon is known to be 666.163 MHz, and that is the actual frequency increment between
each pair of transmission peaks; therefore, we determine the channel numbers (to a
precision of a small fraction of a channel) of the peak locations. This is done by fitting a
quadratic function to the data around each peak. We then fit a smooth curve (a cubic
spline) to the data consisting of integer multiples of FSR (‘y axis’) vs. peak channel (‘x
axis’). This smooth curve then defines a function y(x) that returns the frequency y for any
channel x.
In order to find the hfs and IS parameters, we used a nonlinear least-squares curvefitting computer program developed by R. Holt called Hyperfit. The program uses a
combination of Simplex and Levenberg-Marquardt to fit a curve to the data. The difference
between the two is that Simplex method is less precise, but it is more able to find
approximate positions of the peaks from a wild initial guess. The Levenberg-Marquardt
method is very accurate, but it needs a very good initial guess. So our method was to use
the Simplex method to find good starting points for the Levenberg-Marquardt method,
which provided reliable fits where the hfs was well resolved.
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4.2 Hyperfine Structure
As discussed in the introduction chapter, the contribution of the magnetic dipole
moment of the nucleus to an atomic energy level is

md

~ 2 ^

’

(4.2-1)

where A is the magnetic dipole hfs coupling constant
and
K = F (F + \ ) - I ( I + \ ) - J ( J + \).

(4.2-2)

The effect of the electric quadrupole moment of nucleus Q on the atomic energy
level is
AE

B 3K(K +1) - 21(1 + \)J(J +1)
EQ 2
21(21 -1)2 J (2J - 1)

(4.2-3)

where B is the electric quadrupole hfs coupling constant.
The effect of both factors in the atomic energy level can be written as

AE
hfs

AK \ *
2

2

3* ( * + * ) - W + W + l)
2 /(2 / —\)2J(2J —1)

(4.2-4)

For many-electron atoms, such as Ti, the desired accuracy in determining the hyperfine
constants can only be achieved through experimental measurements.

32

4.3 Doppler Shift

A big portion of the displacement between different isotopes in LIF spectrum is the
result of the Doppler shift. When a particle of mass M passes through a potential difference
V from rest, it gains a velocity (in units of c)
(4.3-1)

ß =

Since different isotopes have different masses, they acquire different velocities and,
therefore, have different Doppler shifts. The Doppler effect changes the frequency of the
laser observed by isotopes; therefore, in order to create resonance between the laser and a
transition with frequency voin the ion’s rest frame, we must set the frequency of the laser
to
1/2

v, = v, I z l

(4.3-2)

\+p

in anti-parallel geometry. For two isotopes with masses M and M ' with rest frame
resonance frequencies v and v', the separation between the lines in the laser scanning
spectra is
( l - l 1/2
Av, = Av0
+
\ +ß '

V,

\~ l_
\+ ß '

1/2

f

ß +ß ;

1/2"
(4.3-3)
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andAv0 =

- v ()is the isotope shift relative to mass M. For all the transitions, 48Tiwas

used as reference isotope. It is obviously very important to have accurate values for (3 and
P . The ion source is operated in high pressure mode in our lab; therefore, the plasma
potential is very uniform and very close to that of the anode (within ~ IV); however, the
exact potential is not known. Therefore, the difference between the voltage applied to the
Doppler-tuning region and the terminal voltage of the ion source cannot be used. In order
to calculate (3 and /?', we used the Michelson interferometer to measure the absolute
wave number of the laser when it is in resonance with the 48Tipeak. The velocity then can
be calculated by inverting the Doppler formula

C7- + 07

(4.3-4)

where 07 is the wave number of the transition in the ion's rest frame and <7, is the wave
number to which the laser must be set in anti parallel geometry in order to be in resonance
with the transition. Also,
M_

P' = VM'y P •

(4.3-5)

The fitting to the spectrum was done by using a sum of saturation- broadened
Lorentzian peaks. The centres of these peaks were calculated from the hfs and IS constants
and by taking into account the corrections for relative Doppler shift of different isotopes.
It should be noted that there is a potential nonuniformity in the source that
contributes to the line shape. In fact, the Doppler contribution function from this
nonuniformity is wider on the higher frequency side. The reason lies in the fact that the
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ions contributing to this low speed tail in the function are created at the vicinity of the
cathode in the narrow potential-gradient region, known as the cathode fall, rather than at
the vicinity of anode where most of the ions are created in the uniform plasma potential
which is close to that of anode. Therefore the correct lineshape would be the combination
of the Doppler effect of this nonuniformity as an instrumental, asymmetric function with
the saturation-broadened, Lorentzian for the natural lineshape. Nevertheless, the actual
asymmetry of the lineshape is in fact very small, and the center of each peak is influenced
by it in the same way. That means it cannot greatly contribute to the differences between
the peak centres; therefore, within our experimental error, it would not affect our hfs and
IS analysis.

For the lower level hyperfine structure of 47Ti and 49Ti, we have:

hfs

2

2

2 /(2 / - 1)27(2/ -1)

(4-1)

For the upper levels, the parameters A and B are replaced with A' and B'. For the
transitions with 7=1/2, there is no quadrupole constant B.
In fitting the spectrum by the method of least-squares, only the parameters for 49Ti
were set to vary. We used the following relationships between the constants for 47Ti and
49Ti
A„Ti / A49n =

/

B„n B „n

=

/ I)„n / (Ml / /)« „ = 0.99973(8),

/ (Q)*9Ti = T21(7),

(4-2)
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using the values listed in table 4-1. Q is the electric quadrupole moment of the nucleus in
bams, I is the spin quantum number of nucleus, and p/ is the nucleus magnetic dipole
moment,

Table 4-1 Properties o f the Ti isotopes

Isotope
4bTi
47Ti
48Ti
49Ti
5°Ti

Mass (u)11J
45.9526316(9)
46.9517631(9)
47.9479463(9)
48.9478700(9)
49.9447912(9)

Abundance (% )l2J f
0
8.0(1)
5/2
7.3(1)
0
73.8(1)
7/2
5.5(1)
0
5.4(1)

Pz (nm)[3]

Q 0>)w

-0.78846(6)

+0.29(1)

-1.10414(9)

+0.24(1)

For some of the transitions, hfs constants were available from the work of Berrah et
al [4] for either the lower or upper level; however, for other transitions, the hfs constants
have not been measured previously. In order to acquire the most accurate hfs constants
possible, we used a fitting method we called the “boot strap” method in which we fixed the
constants we had from the work of Berrah et al when available for a given level, and
allowed the constants for the other level to vary. Then we used these constants for the other
transitions which shared this level. Fixing these constants again resulted in more accurate
constants for the other levels. Also, fixing A and B or A ' and B ' would break the high
correlation between A and A ', and between B and B ', which is very useful in cases where
the correlation results in statistically un-meaningful values for B or B '. The uncertainties of
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the fixed parameters were propagated to the statistical uncertainties of the floating
parameters obtained from a least-squares fitting after the fit.
We used the same approach when we could obtain a high precision measurement of
hfs constants for a given level from our highly resolved spectra. Whenever the same level
appeared in less resolved transitions, we fixed the parameters of the shared level to those
reliable constants. Again the errors were propagated in the same way. Using this method
would result in a more reliable set of hfs constants than treating each transition separately.
In some transitions where the spectrum was not well resolved and there was no
prior knowledge of parameters, allowing both A and B or A ' and B ' to float resulted in
unrealistic and physically meaningless values for B or B'. Therefore in fitting these
transitions, B and/or B ' were set to zero.

4.4 Error Estimation
There are three contributing factors to the errors for the IS measurements:
(i)

The statistical uncertainty of the least-squares curve fitting using the
parameters with scatter.
-

For even isotopes, because of the size and shape of the peak, the
contribution of this error was small, typically a few MHz. For odd
isotopes, since there is hyperfme splitting, the peaks are smaller and
there is a correlation between the hfs parameters and IS which resulted
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in relatively higher uncertainty for these isotopes, typically in the order
of 10 MHz.
(ii)

The uncertainty in linearizing and calibrating the laser-frequency scan.
-

The FSR of the étalon is known to better than 1 part in 10 . Therefore
its contribution to the uncertainty of calibrating the laser-frequency scan
is negligible.

-

What we actually took into account for this error is the integral
uncertainty, which is defined as the maximum deviation of the actual
frequency versus channel number from a straight-line fit. This value was
about 100 MHz; however, the spline fitting eliminates most of this
nonlinearity; therefore, we decided to use 10% of this value as the
contribution of the spline fitting to the error, which gives a 10 MHz
uncertainty to be added in quadrature to the statistical uncertainty.

(iii)

The uncertainty in determining the relative Doppler shift.
-

The contribution of the uncertainty of Vo is 2 kHz. Therefore, it is
negligible.

-

The uncertainties in Go and o/give an error of ±2.4

x

10’ for /? through

the standard error propagation

°> =

r

sp " c r + ( d p
°0

N

l d(Ji )

(4.4-1)
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The error in fi would in turn result in an error of ±1.7 MHz x (M'-M)
in the relative Doppler shift.

The two main contributions to the uncertainties in the hfs parameters come from
the statistical uncertainty from least-square curve fitting using data with scatter, and fixing
the parameters in the fits. The contributions of the relative Doppler shift and linearization
and calibration of the laser frequency-scan to the uncertainties of hfs parameters are
negligible. In fact, where the hfs was not well resolved, the values of the uncertainties in
the hfs parameters were considerably larger.
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5 Results

Table 5-1 lists the results for IS measurements. This is the first time these
measurements have been carried out; therefore, there are no previous experimental results
with which to compare our data. As mentioned before, IS is the result of combination of
specific mass shift (SMS) and field shift. In light elements, such as Ti, the SMS is expected
to have a much larger contribution to the IS than the field shift.
SMS in four configurations of the 3d series of (Sc to Cu) has been calculated by
Bauche and Crubellier [1] using the nonrelativistic Hartree-Fock method. Their work
would be of interest to us because Ti II is isoelectronic to Sc I (they have the same number
of electrons). Their results include the following important regularities: (1) the specific
mass shift is large for only the transitions involving a 3d electron jump; (2) for any
configuration of interest, the SMS within the configuration does not change greatly. They
found that SMS values for AA = 2, for the 3dN+l 4s-»3dN4s2 transition in all the elements
of the series are almost the same, -2400 MHz. In the transitions which do not involve a 3d
jump, the SMS values are much smaller.
If we look at our data in the same manner and consider the change in the state of
the electron transitioning, we can provide a clear and accurate picture of our results. There
are 3 cases in which the transition involves a ¿/-electron jump. For the two transitions of
3d 452->3</('G) 4p, the IS is 2300-2400 MHz which is very close to the theoretical value
calculated by Bauche and Crubellier. But as we see for the transition 3d? —>

Ap, the

IS are lower, 1800-1900 MHz. For the transitions 3dt —>3</2(3F) Ap, the IS are also all in a
very narrow range around 1800 MHz. In this specific series of transitions, the ones with
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9
7
#
a P1/2 or a P3/2 lower state have a much smaller IS. The reason lies in the fact that the lower
states have a strong admixture of configurations including 3</(3P) As which clearly does
#
o
not involve a d- electron jump, and this reduces the IS. A parametric study of the {3d+As)
configuration complex has been carried out by Huldt el al.[2\. The 3d} a2Pi/2 eigenvector
composition is 62% 3d?, 24% 3t^(3P) 45 b2P, and 10% 3d? a4P, which means the levels
leading to a ¿/-electron jump contribute a total of 72% of all of the transitions. For the
upper levels, the purities are 82% and 94%; however, the other components are not
specified. Thus one can predict the IS for these transitions to be 72% of 1800 MHz, which
is 1300 MHz. The actual values we obtained are in the 800-900 MHz range. The 3d?
eigenvector composition is 48% 3d?, 27% 3z/2(3P) 45 b4P, and 18% Si/^P) 45 b2P, which
similarly would yield an expected value of 48% of 1800 MHz, or 860 MHz for the IS, the
actual values are in the 860-920 MHz range.
For the transition 3c?? D) 45 —> 3i/2(3F) Ap, it can be seen in the table that the IS are
much smaller. Here again we see the effect of the lower state having an admixture of levels
that do not involve a 3¿/-electron jump. In fact, here we have 16% and 17% of the 3d?
configuration, which would yield an expected IS of around 396 MHz. The actual
experimental value is around 400 MHz. Similarly for Sc/2^?) 45 —> 3¿/2(1D) Ap with 28%
3c? configuration, the predicted IS value would be ~500 MHz compared to the
experimental value in the range of 500-650 MHz.
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Table 5-1 Isotope shifts in Ti II, relative to 48Ti II. Wavelengths, terms, lower and upper energies
and percentages are taken from the NIST Atomic Spectra Database [3]
L ow er L evel

a ‘ D 3/2

8

4 3 3 .7 9 2
4 2 8 .7 8 7
4 4 4 .3 7 9
4 3 4 .4 2 9
4 2 9 .4 1 0
4 4 5 .0 4 8
4 3 9 .5 0 3
4 4 6 .9 1 4
4 3 3 .0 2 5
4 3 1 .6 8 0
4 3 5 .0 8 3
4 3 7 .4 8 2
4 2 9 .0 3 5
4 3 3 .7 2 6
4 3 4 .1 3 6
4 5 0 .1 2 7
4 4 4 .4 5 6
4 4 6 .8 5 1
4 5 4 .5 1 3
4 4 6 .4 4 5
4 3 1 .4 9 8
4 3 0 .1 9 1
4 4 1 .7 7 2
4 3 2 .0 9 6
4 3 0 .7 8 6
4 2 9 .0 2 2
4 3 3 .0 7 0
4 3 1 .2 8 6
4 3 0 .0 0 5
4 5 6 .3 7 7
4 3 9 .4 0 5
4 5 3 .3 9 7
4 3 9 .9 7 7
4 5 7 .1 9 8

a‘ D 3/2
a“D 3/2
a 'D 5/2
a 2 D 5/2

8

a~D 5/2

8

a ‘ D5/2

8

a 2 D 5/2

8

b 2P 1/2
b 2P , /2
b 2P 3/2
b 2P 3/2
b 2P 3/2
b 2 P 3/2
a 2G 7/2
a~G 7/2
a~G 7/2
a G 9/2
a G 9/2
a 4 P i /2
a4P 1/2
a4P 1/2
a 4 P 3/2
a 4 P 3/2
a4P 3/2
a 4 P 3/2
a 4 P 5/2
a 4 P 5/2
a 4 P 5/2
a"P 1/2
a“P 1/2
a“P 3/2
a‘ P 3/2
a 2H 9/2

8
8
8

7 1 0 .4 4
7 1 0 .4 4
7 1 0 .4 4
7 4 4 .2 5
7 4 4 .2 5
74 4 .2 5
74 4 .2 5
7 4 4 .2 5

16 5 1 5 .8 6
16 5 1 5 .8 6
16 625.11
16 625.11
1 6 6 2 5 .1 1
16 625.11

9
9
9
9
9

997.71
997.71
997.71
118.26
118.26
3 6 3 .6 2
3 6 3 .6 2
3 6 3 .6 2

9
9
9
9
9
9
9
9
9
9
9
12

395.71
395.71
395.71
395.71
5 1 8 .0 6
5 1 8 .0 6
5 1 8 .0 6
8 5 0 .9 0
8 5 0 .9 0
9 7 5 .9 2
9 7 5 .9 2
6 7 6 .9 7

8
8
8

L eading
percentage

Term

E nergy
(c m '1)

3 c fC D ) 45 - > 3 ^ ( 3F ) 4 p
17% 3 i
z 2 D ° 3/2
17%
17%
16%
16%
16%
16%
16%

50Ti
(M H z)

2 0 0 ( 10)

2 0 7 (1 1 )
2 1 0 ( 10)
2 3 0 (1 0 )
2 3 1 (1 0 )
2 3 4 (1 1 )
2 3 8 (1 0 )
2 3 9 (1 0 )

3 6 3 (1 1 )
3 6 5 (1 1 )
3 8 0 (1 1 )
4 1 5 (1 1 )
4 2 0 (1 1 )
4 2 1 (1 2 )
4 3 2 (1 1 )
4 4 1 (1 1 )

39
39
39
39
39
39

6 0 2 .7 5
6 7 4 .6 6
6 0 2 .7 5
4 7 6 .8 0
9 2 6 .6 6
6 7 4 .6 6

6 1 4 (1 1 )
6 0 1 (1 1 )
6 7 4 (1 1 )
7 9 3 (1 2 )
5 2 6 (1 2 )
6 2 3 (1 1 )

3 0 2 (1 0 )
2 8 0 (1 0 )
3 0 0 (1 0 )
3 3 7 (1 0 )
2 4 6 (1 1 )
2 9 1 (1 0 )

-2 7 9 (1 0 )
-2 6 8 (1 0 )
-2 8 1 (1 0 )
-3 1 9 (1 0 )
-2 4 2 (1 4 )
-2 6 7 (1 0 )

-5 5 4 (1 1 )
-5 2 9 (1 1 )
-5 6 4 (1 1 )
-6 2 5 (1 1 )
-4 6 9 (1 1 )
-5 3 2 (1 1 )

32
31
Z2F°5/2
Z2 F ° 7/2 31
31
z 2 F ° 7/2
31
z 4 F ° 7/2
Z2D °3/2 31
Z4 D °,/2 3 2
32
z 4 D ° 3/2
Z2D °5 /2 3 2
Z4 D ° i/2 3 2
32
Z4 D°5/2 3 2
32
z 4 D ° 3/2
Z4 D°5/2 3 2
Z4 D ° 7/2 32
z 2 D ° 3/2 31
z 4 D ° 3/2 3 2
z2D°s/2 32
z 4 D ° 5/2 3 2
Z G 7/2 34

0 2 5 .4 7
2 0 7 .4 2
4 9 0 .8 2
4 9 0 .8 2
113.65
756.51
532.21
6 0 2 .5 5
0 2 5 .4 7
532.21
6 0 2 .5 5
6 9 7 .9 9
6 0 2 .5 5
6 9 7 .9 9
7 6 7 .0 7
756.51
6 0 2 .5 5
0 2 5 .4 7
6 9 7 .9 9
5 4 3 .2 6

1 7 8 2 (1 1 )
1 7 6 4 (1 1 )
1 7 8 5 (1 1 )
1 7 4 5 (1 1 )
1 7 3 4 (1 1 )
1 8 3 7 (1 2 )
1 8 5 8 (1 2 )
1 7 9 9 (1 1 )
1 8 0 3 (1 1 )
1 7 8 1 (1 2 )
1 7 7 8 (1 1 )
1 7 8 0 (1 1 )
1 8 7 4 (2 2 )
1 8 8 6 (1 2 )
1857(1 1)
8 6 6 ( 11)
8 2 0 (1 1 )
9 1 8 (1 3 )
8 6 3 (1 1 )
1 7 9 5 (1 5 )

8 6 6 ( 10)

8 5 0 (1 0 )
8 5 5 (1 1 )
8 4 7 (1 1 )
8 4 9 (1 0 )
8 9 3 (1 0 )
8 8 1 (1 1 )
8 7 1 (1 0 )
8 7 7 (1 0 )
8 6 7 (1 0 )
8 5 7 (1 1 )
8 7 2 (1 0 )
9 0 2 (1 0 )
9 0 0 (1 0 )
9 1 0 (1 1 )
4 1 7 (1 0 )
4 0 5 (1 0 )
4 2 9 (1 1 )
4 1 6 (1 0 )
8 5 7 (1 0 )

-8 4 4 (1 0 )
-8 4 2 (1 1 )
-8 3 7 (1 1 )
-8 4 1 (1 0 )
-8 2 8 (1 1 )
-8 7 1 (1 0 )
-8 5 9 (1 1 )
-8 6 8 ( 1 1 )
-8 6 1 (1 0 )
-8 4 7 (1 0 )
-8 5 8 (1 0 )
-8 4 0 (1 0 )
-8 7 9 (1 0 )
-8 8 8 ( 10)
-8 8 1 (1 0 )
-4 0 7 (1 1 )
-3 8 2 (1 0 )
-4 1 6 (1 1 )
-3 9 9 (1 0 )
-8 6 5 (1 0 )

-1 6 4 8 (1 1 )
-1 6 3 2 (1 1 )
-1 6 2 7 (1 1 )
-1 6 2 4 (1 1 )
-1 6 1 4 (1 1 )
-1 6 9 2 (1 1 )
-1 6 7 0 (1 1 )
-1 6 7 7 (1 1 )
-1 6 6 4 (1 1 )
-1 6 4 6 (1 1 )
-1 6 4 7 (1 1 )
-1 6 4 6 (1 1 )
-1 7 1 2 (1 1 )
-1 7 1 7 (1 1 )
-1 7 1 2 (1 1 )
-8 0 0 (1 1 )
-7 5 8 (1 1 )
-8 1 3 (1 1 )
-7 8 4 (1 1 )
-1 6 6 7 (1 1 )

43 7 4 0 .6 5
43 7 8 0 .7 9

1 9 0 9 (1 2 )
1 8 2 2 (1 1 )

9 4 8 (1 1 )
8 8 4 (1 0 )

-9 0 2 (1 1 )
-8 6 6 (1 0 )

-1 7 7 5 (1 2 )
-1 6 8 9 (1 1 )

4 7 6 2 4 .8 8
4 7 4 6 6 .5 4

-2 4 1 9 (1 1 )
-2 3 0 8 (1 1 )

-1 1 5 4 (1 0 )
-1 1 0 4 (1 0 )

1 2 4 3 (1 1 )
1 1 5 4 (1 1 )

2 2 8 7 (1 2 )
2 1 8 2 (1 1 )

z 2 D ° 5/2

Z2 F° 5/2
Z2 D ° 3/2
Z2 D ° 5/2

3if
3 ¿f
3i f

Z2F°5/2

3<f

z 2 F ° 7/2

3i f

z 4 F ° 7/2

y 2 F° 5/2

28% 3 ^
z 2 P ° 1/2
3
- > 3 / ( 3F ) 4/7
Z2D °5/2

As
As
As
As

49Ti
(M H z)

-1 7 7 (1 0 )
-1 7 3 (1 0 )
-1 8 7 (1 0 )
-2 0 5 (1 0 )
-2 0 1 ( 1 0 )
-2 1 0 ( 1 2 )
-2 1 2 ( 1 0 )
-2 1 4 (1 0 )

3c?

3 ^ ( 3P )
3 ^ ( 3P )
3 ^ ( 3P )
3 ^ ( 3P )

47T i
(M H z)

-3 7 9 (1 1 )
-3 7 3 (1 1 )
-3 3 8 (1 2 )
-4 0 1 (1 2 )
-4 2 6 (1 1 )
-4 3 0 (1 2 )
-4 4 4 (1 1 )
-4 4 5 (1 1 )

3 ^ ( 3P ) 4 s - > 3 ^ ( 'D ) 4 p
2 8 % 3<f
y 2 D ° 3/2
28% 3 ^
z 2 P ° 1/2
28% 3 ^
y 2 D ° 3/2
28% 3 i/
y 2 D °5/2

24%
24%
27%
27%

46Ti
(M H z)

756.51
0 2 5 .4 7
2 0 7 .4 2
756.51
0 2 5 .4 7
2 0 7 .4 2
4 9 0 .8 2
113.65

Id?

28% 3 ^

Isotope Shifts

31
32
31
31
32
31
31
31

KJ

E nergy
(c m '1)

■*»
O

Term

N

X
(nm )

U p p er L evel

3^ ^

4 3 8 .6 8 4
4 3 6 .7 6 6

b 2F 5/2 2 0 9 5 1 .6 2
b 2F 7/2 2 0 8 9 1 .6 6

4 4 1 .1 0 7
4 4 8 .8 3 3

C2D 3/2 2 4 961 .0 3
C D 5/2 2 5 192.79

S i^C 'G ) 4/7
. ,2/^0
y
7/2
. ,2 / ^ 0
y g 9/2
3 i/4 5 2 - > 3 ^ ( 'G ) 4 / 7
x 2F°5/2
x 2F°7/2
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The ratio of the relative isotope shift (RIS), Acrap / A<jyS, to its expected value
when the mass shift dominates can give us a good idea of field shift. The formula we have
for expected value of the RIS is Aap / AyS , where Aap = [Ap - Aa )/ AaAp for the pairs
a = 46,/? = 4 8 ,/ = 50, = 48 from all transitions. In the odd isotopes, due to the
correlations between hfs and IS parameters, the uncertainties are higher. Also the second
order hfs effects can make a shift in the levels; therefore, the odd isotopes are left out here,
and we only consider even isotopes.
The RIS is expected to be the same for all transitions in either of the limits where
the mass shift or the field shift is the dominant effect [4], In light elements, such as Ti, the
mass shift’s contribution is dominant; therefore, we use the mass ratio Aap / AyS t0 calculate
the RIS. It is known that the field shift depends on the probability density of the electronic
wave function at the nucleus; therefore, in our case, we expect only s electrons to
contribute to the field shift. In relativistic cases, the contribution of P//? electrons are also
expected. In fig. 5-1, it is clear that for the transitions with lower level configuration 3di>
the ratio is close to 1, showing agreement with the expected value, indicating that the field
shift is negligible. On the contrary, one can see significant deviations, ~ 0.8 - 1.2, for all
the other transitions with one or two 45 electrons; these are evidence of an appreciable field
shift contribution.
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Fig.

5 -1

Ratios o f Relative Isotope Shifts, Aa ap / A a yS, to their expected values, Aap / A yS,

where Aap = {Ap
Table

5 -1 .

/ AaA p, for the pairs a = 46, (3 = 48, y -

5 0 ,5

= 48 from all transitions in

The configuration o f the upper level in all cases is 3d2 4p. The lower level
configuration is given in the legend.

One of the methods that are used in factorizing the SMS and field shift is the “King
Plot” [5]. A King plot is a diagram obtained by the following method:
The RIS is replaced by modified isotope shift Acr'aj} by the formula,
48.50

A ct'aP = A o ap
V

(5-1)
)
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where A4g50 =

(A^ —A )

is the nuclear factor of the specific mass shift for the pair taken

^ 48^50

as reference.

Fig. 5-2 King plot of modified residual isotope shifts (RIS) o f two transitions in Ti II. The mass
pair 48, 50 has been chosen as the reference.

Now for each isotope pair, we consider a point in the plane whose X and Y
coordinates are equal to the modified shifts of a spectral line a, and of a spectral line b
respectively. The points correspond to various isotope pairs following the formula [4]
A o ^ - g A ^ + 4 , Uo(iC‘ -g K ‘ l
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The factor K depends only on the wave functions of the electronic states of the transition.
The slope, g, of the line is an experimental quantity which gives the ratio of the field shifts
of the two lines and is purely a field shift quantity. The Y intercept includes both mass shift
and field-shift information: Sp' = A4SS0(Kb - gKa). We constructed the King plot using a
pair of transitions with high deviations shown in fig. 5-2. For these 2 transitions, the ratio
of the field shifts, g, is well determined: g = 0.89(9). Inserting the numerical value of g
gives a pure mass-shift quantity for S p ’. Here the intercept is also well determined:
S// = -31(2)xl0“3a77”'. It is evident in the King plot in fig. 5-2 that in Ti II transitions
involving an s-electron jump, the field shifts are present.
Table 5-2 lists the hfs constants we have determined. The equations used for the
fitting can be found in chapter entitled “Data Analysis”. Where the data has been
inadequate to determine B, the value of B has been fixed to zero. Since for levels with
7 = 1/2, there is no quadrupole hyperfine interaction, the B constant has been left blank.
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Table 5-2 Hyperfine structure constants in 49Ti II. A is the magnetic-dipole interaction constant
and B is the electric-quadrupole interaction constant.
Level

A
(MHz)

Energy
(cm-1)

B
(MHz)

Even levels
3c? a4P3/2
3c? a4P5/2
3c? a2H9/2
3c???)As b2PI/2
3<72(3P)4s b2P3/2
3c? b2F7/2
3c? b2F5/2
3i/4s2 c2D3/2
3</4s2 c2D5/2

9 395.71
9 518.06
12 676.97
16 515.86
16 625.11
20 891.66
20 951.62
24 961.03
25 192.79

3c??Y)Ap z4F07/2
3 ^ ( 3F)4/? z4D°1/2
3 ^ ( 3F)4/p z4D°5/2
3<^(3F)4/? z4D°7/2
3^2(3F)4/7 Z2G°7/2
3</('D)4/> y2D° 5/2
3£72(,D )4py2D°3/2
3</(’D)4/> z 2P ° 1/2
3 J 2(’D)4jp y 2F05/2
3 J 2(1G)4jp y 2G07/2
3 ^ ( 1G )4^y2G°9/2
3 ^ ( ,G)4/? x2F°7/2
3c??G)Ap x 2F ° 5/2

31 113.65
32 532.21
32 697.99
32 767.07
34 543.26
39 476.80
39 602.75
39 674.66
39 926.66
43 740.65
43 780.79
47 466.54
47 624.88

-6.63(31)
11.52(43)
-58.4(1.2)
-82.8(1.4)
27.2(1.0)
-37.9(2.3)
-46.23(82)
-132.24(94)
-43.2(1.4)
Odd levels
-37.99(27)
-177.72(52)
-23.03(18)
-17.56(33)
-80.8(1.5)
-75.8(1.4)
-36.5(1.2)
-84.0(1.4)
-66.1(1.0)
-50.46(57)
-58.3(1.9)
-59.7(1.0)
-83.12(60)

-24.1(2.2)
38.4(6.8)
0
-36.7(5.0)
0
-55(15)
0
0
-29.4(6.0)
15.0(2.5)
27.1(7.5)
0
-65(15)
-22.7(6.0)
0
0
0
0
0
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6 Conclusions
In order to derive chemical abundances, astrophysicists need to take into account
the corrections for saturation and the effect of blended lines in their spectral analysis. IS
and hfs data have proven to be of great importance in correctly accounting for these
effects.
The important contribution of titanium in stellar spectra motivated us to choose this
element for these measurements. For example in the Sun, Ti takes the third place in terms
of number of lines. It is also one of the a elements which, as discussed, are very important
elements in the studies of the history of chemical evolution in the early universe.
In this work, we present the hyperfme structure (hfs) of 22 levels and the isotope
shift (IS) of 38 transitions in the wavelength range of 429-457 nm in Ti II. This is the first
time that the hfs and IS have been measured for these levels and transitions.
The technique used for these measurements was fast-ion-beam laser-inducedfluorescence (LIF) spectroscopy. This is a very reliable and accurate technique in
measurement of atomic data such as IS, hfs and oscillator strength, etc. In this technique,
the ion beam produced by an ion source gets post accelerated and comes into resonance by
an anti-parallel laser beam in a Doppler-tuning region. The resulting LIF then gets
collected by a ring of optical fibres; it then gets transferred to a data acquisition board. The
LIF spectrum is then created by a computer program for studying the transitions.
The new operation mode that was discovered in the ion source resulted in a very
narrow energy spread. The typical linewidth of ~ 100 MHz allowed for substantially more
accurate measurement of energy spread and absolute ion-beam energy.
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The typical error for IS was ~ 10 MHz. The main contributor to this error was the
limit of the accuracy with which we could correct for the nonlinearity in the laser scan. The
calibration peaks were actually too far apart (666 MHz); therefore, with more closely
spaced calibration peaks, the corrections will be better. This can be easily rectified by
choosing a longer separation between the mirrors in Fabry-Perot interferometer, producing
a smaller FSR. For example, an etalon separation of lm can reduce the error to a few MHz.
The errors in the hfs constants varied widely depending on the resolution of the
peaks, but they were typically ~ 3-5% where a good resolution was achieved.
For future work with the same set up of the apparatus, the other properties of Ti
such as lifetimes and branching fractions can be measured. Also since the ion source can
produce ions from any gas or any conducting solid, several atomic properties of other
elements can be measured with desirable accuracy.

